Original scientific paper The paper presents the effect of emulsion mist generation parameters and the distance of the nozzle from the contact zone of the cutting wedge with the workpiece on the diameter and number of droplets supplied into the cutting zone. The conditions of emulsion mist generation, in which all the droplets supplied to the cutting zone in a given time, are evaporated in this time. An analysis of heat flow in the MQCL method was presented and it was proved that the air flow and the distance of the nozzle from the cutting zone have the most significant effect on the diameter of droplets.
Introduction
Sustainable manufacturing, i.e., the creation of manufactured products through economically-sound processes that minimize negative environmental impacts while conserving energy and natural resources, is the most significant recent trend in industry. The product quality [1, 2] , enhancement of employee, community, environmental and product safety is of crucial importance. The key methods of improving the environmental safety of manufacturing processes is a reduction of pollutants generated during processing, such as for instance cooling/lubrication fluids. Benefits brought by a reduction of the amount of cutting fluids involved in machining operations are obvious, therefore the methods which use minimum quantities of cooling and lubrication agents or minimum quantities of lubricants for processing (Minimum Quantity Cooling Lubrication or MQCL and Minimum Quantity Lubrication or MQL, respectively) are a promising alternative to traditional methods of cooling [3] .
The fundamental requirements of both methods concern the generation of an optimal fluid-air mixture with the smallest possible sizes of droplets which will secure good moistening of the cutting wedge. The diameter of active medium particles which will get into the atmosphere should not exceed 5 µm, otherwise the hazard of lung diseases may increase [4] . It is also important to direct the medium into the cutting zone where the tribological conditions are most difficult. The neogenic layer of metal, uncovered by the cutting wedge, due to a high temperature can get oxidized relatively easily, therefore it is of importance to protect it effectively. The sprayed fluid (mist) evaporates more quickly than a dense stream of fluid and thus absorbs more heat [5] . One of the main technological challenges is to create such a surface that would allow condensation and evacuation of the droplets to take place in a continuous manner. The volume of individual droplets is also of significance in this case, since smaller droplets will evaporate from the cutting zone more quickly, thus more heat will be evacuated [6] .
Even though the methods referred to above are very promising for many machining applications [7÷10], some of the fundamental issues related to their implementation, i.e., the conditions of generating the "active medium-air" mixture in the MQCL method have not been fully investigated yet [11] . Examples of experimental investigations about reducing the use of cooling lubricant substances in turning processes can be found in the open literature [12÷15], but these publications do not mention the problems related to the cooling conditions and heat flow in the cutting zone. Therefore, it is of significant importance for an effective choice of conditions of emulsion mist generation and supply to determine correctly the droplet sizes, the distance of the nozzle from the cutting zone [16] as well as the pressure of air passing through the nozzle [17, 18] .
The aim of this study was to specify in detail the conditions of emulsion mist generation in the MQCL method in relation to the flow of active components, the flow of the carrying medium (compressed air) and the location of the nozzle, and also to determine how these factors affect the conditions of heat exchange in the cutting zone.
Material and methods

Active medium
A concentrate of OPORTET RG-2 emulsion was used as an active medium. It is a universal agent used in turning, milling, threading. The concentrate does not lose its performance characteristics for a long period of time and does not contain such compounds as nitrates, chlorine, formaldehydes. It is a water-soluble agent and its concentration in water was 2 % when the emulsion was prepared.
Experimental procedure
The research on the conditions of emulsion mist generation consisted in determining the ranges of emulsion flow and compressed air flow and in defining diameters and number of droplets on the area unit of 1 mm 2 as well as the concentration of the active medium in 1 m 3 of emulsion mist. The GAV 1500 unit for generating emulsion mist was used for tests ( Fig. 1) . This unit has the nozzles assemble included two air nozzles of 0,9 mm diameter and one emulsion nozzle of 1,35 mm diameter. The number and diameters of droplets supplied into the cutting zone were measured with the MM 200 measuring microscope and the measurement accuracy was ±5 %.
Results and discussion 3.1 Number and diameters of droplets in the contact zone
The results of measurements of the diameters and the number of droplets were studied with the use of descriptive statistical methods. Fig. 2 shows histograms of diameter dispersion, whereas Tab. 1 includes some of the results of statistical analysis.
While analysing the histograms obtained it can be noticed that distributions of droplet diameters are similar to normal.
After a mathematical treatment of the results of experimental tests equations of multidimensional regression were obtained which determine the number of droplets N which are found in 1 mm 2 
where: L -the distance of the nozzle from the cutting zone (m); E -emulsion mass flow (g/min); Pvolumetric flow of air (m 3 /h). The above relations are illustrated in Fig. 3 . The droplets decrease in their diameter together with the increased distance of the nozzle from the zone of contact between the cutting wedge and the workpiece material. The diameter of droplets reaches the highest value at the distance of 0,3 m for the maximum emulsion mass flow (3,6 g/min). The amount of flowing air has a similar effect on the droplet diameters as the distance has. Once the air flow is increased, the diameters of droplets decrease. It can be seen in the curve presented in Fig. 3a that the flow of emulsion also has a significant effect on the diameter of droplets. Once it grows, the diameter of droplets increases, but not as much as in the case of a change in the air flow. Fig. 4 illustrates the effect of individual parameters of mist generation on the number of droplets falling within 1 s on the area of 20 mm 2 (which corresponds to the contact area between the chip, the rake face and the adjacent machined surface [19] ). The number of droplets increases together with increasing the flow of air. It is highest for the emulsion flow of 3,6 g/min. The lowest number of droplets was observed at the distance of the nozzle of 0,3 m and emulsion flow of 1,6 g/min. Together with an increase in the distance the number of droplets grows (it is highest at the maximum distance of the nozzle, i.e., 0,5 m). The flow of emulsion has the least significant effect on the number of droplets.
Analysis of heat flow in the MQCL method
In the MCQL method, the droplets are first heated up to their saturation temperature Q s , and then are evaporated. For the first part of the process the heat balance equation is of the following form [20] :
where: t 1 -the heating time; α -the heat penetration coefficient; c v -the volumetric specific heat of water; Θ 0 -the temperature of the medium at nozzle outlet; D -the droplet diameter at the contact surface; d -the droplet diameter in air. On transformation of this formula, we obtain the droplet heating time:
where: m = D/d -the coefficient of droplet deformation. After microscopic examinations of the droplet diameter it was observed that a droplet of a fluid when hitting a hard body gets deformed in such a way that the diameter of contact "mark" between the droplet and the body surface is [18] :
where: V dr -the droplet volume in air.
The heat balance equation for the process of droplet evaporation is as follows [20] :
where: t 2 -time of droplet evaporation r -water evaporation heat; Θ hs -the heated surface temperature [19] ; ρ -water density. The value of Θ hs was taken as the average temperature of the "the chip-cutting wedge-machined element" contact zone and the temperatures of the areas of the machined element and the chip closest to this zone.
( )
The total evaporation time for a single droplet is:
Using Eqs. 2) The distance of the nozzle from the cutting zone and compressed air flow has the most significant impact on the droplet diameter. 3) Changes in the emulsion flow have a less pronounced effect on the droplet diameters. 4) An increase in the volumetric air flow and an increase in the distance of the nozzle from the cutting zone results in an increase in the number of droplets, whereas their diameters decrease. 5) Droplets of the diameter less than 5 µm are generated when the volumetric air flow is above 6 m 3 /h. This is of importance on account of operators' health. Such a diameter of droplets has the least negative effect on human health. 6) Once the diameters and number of droplets falling on the cutting edge are known, it is possible to choose such conditions of mist generation in which all droplets falling on the heated surface in 1 s are evaporated from this surface: E less than 3,6 g/min and P less than 5,0 m 3 /h.
